Paenibacillus polymyxa is known to be a plant-growthpromoting rhizobacterium. The present study describes a quantitative polymerase chain reaction (qPCR) assay for the specific detection and quantitation of P. polymyxa using a primer pair based on the sequence of a membranefusion protein for the amplification of a 268 bp DNA fragment. This study reports that the qPCR-based method is applicable for the rapid and sensitive detection of P. polymyxa and can be used as an alternative method for agricultural soil monitoring.
Paenibacillus polymyxa, a nonpathogenic and endosporeforming Bacillus, is one of the most industrially significant facultative anaerobic bacterium because of its great biotechnological potential in different industrial processes and in sustainable agriculture. It inhabits different niches such as soils, roots, and the rhizosphere of various crop plants including wheat, maize, sorghum, sugarcane, barley, forest trees, and marine sediments [7] .
It has been reported that P. polymyxa strains produce numerous secondary metabolites including auxins, cytokinins, lytic enzymes, and antimicrobial compounds that are useful for biotechnological applications [2, [4] [5] [6] [10] [11] [12] .
Consequently, many researchers have conducted studies to find ways to exploit its useful functions in agricultural systems, specifically in plant growth promotion and biological control against plant pathogens. However, there are few reports on the specific detection and quantitation of rhizobia [3, 8] . Recently, molecular assays based on the 16S rRNA gene have been used for the detection of P. polymyxa [12] , but there have been critical defects in the identification of P. polymyxa isolates, as these assays also detect other Paenibacillus spp., such as Bacillus spp., because the 16S rRNA gene is highly conserved in genomes at the species or genus levels.
Membrane-fusion proteins are found in all living organisms. It is known that many types of membranefusion proteins involved in energy production, lipid biosynthesis, protein secretion, and transport are conserved in the bacterial cell [9] . Membrane-fusion proteins of functional subunits of multicomponent transporters perform diverse physiological functions in both Gram-positive and Gram-negative bacteria [14] . Therefore, we have developed a marker gene system based on a membrane-fusion protein that allows simpler detection of P. polymyxa in an environmental sample, including soil and plants.
We used bioinformatics analysis to search the available P. polymyxa E681 genome database in the National Center for Biotechnology Information (NCBI). Furthermore, we tested in silico by performing a similarity sequence alignment search of the membrane-fusion protein gene of P. polymyxa E681 (GenBank Accession No. ADM71678.1, gi:305859890, gb|CP000154.1:4232316-4233653) using BLAST and e-PCR analysis.
The results showed some significant matches with previously determined sequences (BLASTN ver. 2.2.25+), and the BLASTN searches showed similarity to the multidrug ABC transporter permease sequences [identity = 88%, score = 1580 bits (855), and expect = 0.0] from P. terrae HPL-003. BLAST searches with the predicted protein sequence (BLASTX) revealed similarity to the unnamed protein product sequence [identity = 93%, score = 756 bits (1952), and expect = 0.0] from P. terrae HPL-003 and hypothetical protein sequence [identity = 87%, score = 721 bits (1860), and expect = 0.0] from Paenibacillus spp. Aloe-11. However, the region to be amplified with the designed primer pair revealed no significant match in both BLASTN and BLASTX searches. P. polymyxa and other bacterial genome sequences were obtained from the NCBI GenBank bacterial genome resource (ftp://ftp.ncbi.nlm.nih.gov/genbank/genomes/bacteria). A primer pair was designed for the membrane-fusion protein of P. polymyxa E681, with a predicted PCR product of 268 bp ( Table 2 ). The combination of the primer pair sequences was blasted against GenBank (BLASTN 2.2.25+) .
The following culture media and incubation conditions were obtained from the Handbook of Microbiological Media [1] . The bacterial reference strains used in this study are listed in Table 1 . The genomic DNA was extracted with the DNeasy Tissue kit (QIAGEN) according to the manufacturer's recommendations.
The PCR assay was performed using the GoTaq DNA polymerase (Promega) according to the manufacturer's instructions. The amplifications were performed using a For the amplification of the 16S rRNA gene, the TaqMan probe, primers, and reaction conditions were as recommended by Timmusk et al. [12] .
To confirm the specificity of the primer set, the conventional and qPCR assays were determined by amplifying genomic DNA targets from 35 Paenibacillus species and from strains of other bacterial species, 5 Rhizobium species, 2 Pseudomonas species, and E. coli. The PCR results are summarized in Table 1 . Amplification of DNA was not detected in the other Paenibacillus species and reference microorganisms; only assays with P. polymyxa yielded amplified products with fluorescent intensity and a single amplified DNA fragment (Table 1 and Fig. 1 ).
For the analysis of the limit of quantitation (LOQ) and the limit of detection (LOD), cloned DNA, genomic DNA, and a bacterial cell suspension of P. polymyxa were serially diluted 10-fold and tested with qPCR. The PCR fragment of 268 bp was ligated into the pGEM-T easy cloning vector by TA cloning (Promega). The copy number of the cloned DNA was calculated using the following equation To evaluate the efficiency of the qPCR amplification of P. polymyxa, a standard curve was generated by plotting the mean Ct (n = 3) versus the logarithmic concentration of cloned DNA, genomic DNA, and the bacterial cell suspension (Table 3) . The LOQ showed a good linear response and a high correlation coefficient (cloned DNA, R 2 = 0.998, slope = -3.327, PCR efficiency = 99.8%, y-int. = 34.699), with a linear response in the concentration range of cloned and genomic DNA of 5 ng to 5 pg and 1.2 Fig. 2 . Specificity, melting peak, and standard curve of the Pp268F/R primer set using SYBR Green real-time PCR. (Table 3) .
The LOD was performed with 10-fold serial dilutions of both the genomic DNA and the bacterial cell suspension of P. polymyxa. The LOD of the genomic DNA and the bacterial cell suspension by SYBR Green qPCR assay were 5 × 10 0 fg/µl and 1.2 × 10 1 CFU/ml, respectively. The melting curve derived from the amplification plot is shown in Fig. 2C , and the analysis of the melting temperature and melting peaks of P. polymyxa with SYBR Green qPCR revealed a reproducible melting temperature of 78.50 o C and specific peaks (Fig. 2D) .
In this study, we report that the qPCR-based method for detection of P. polymyxa is rapid and sensitive and can be used as an alternative method for agricultural soil monitoring.
